Previous studies from our laboratory have provided evidence that the rat epididymis utilizes the Na ؉ /H ؉ exchanger to transport acid and base. The present study was undertaken to use immunohistochemistry for investigating the localization (apical versus basolateral) and distribution of NHE1 and NHE2 proteins along intact rat epididymis. Both proteins were found to be exclusively localized within the epithelium. Immunoreactivity for NHE1 was detected on the basolateral surface, whereas NHE2 immunoreactivity was detected on the apical side of the epithelium. Interestingly, NHE1 was found along the entire length of the epididymal tubule whereas NHE2 was absent in the initial segment but present in the caput, corpus, and cauda regions. These results, when interpreted along with those of previous functional studies, may suggest that the apical NHE2 is involved in Na ؉ reabsorption and the basolateral NHE1 in HCO 3 Ϫ secretion in the rat epididymis.
INTRODUCTION

Na
ϩ /H ϩ exchangers are expressed by eukaryotic cells, in which they have been shown to take part in the homeostatic control of intracellular pH, cell volume, and cell division. In epithelial tissues such as the gut and the kidney tubules, they also mediate transepithelial transport of salt and water. At least 6 Na ϩ /H ϩ exchanger isoforms have now been cloned. Among them, NHE1, NHE2, and NHE3 are best characterized. NHE1 is ubiquitously expressed and is the basolateral isoform in the renal and intestinal epithelial cells. Functionally, it is responsible for pH and volume homeostasis. In contrast, expression of NHE3 is restricted to epithelial tissues such as the intestine, kidney, and testis. In intestinal and renal epithelial cells, NHE3 is located in the apical membrane, where it is thought to be responsible for Na ϩ reabsorption. Although NHE2 is also expressed in epithelial tissues, its cellular localization can be either apical or basolateral, depending on the cell type. For example, in intestinal epithelial cells, NHE2 is apically located [1] and together with NHE3 is involved in Na ϩ reabsorption under basal conditions [2] . In the medullary thick ascending limb of the kidney, both NHE2 and NHE3 are coexpressed on the apical membrane, where they are believed to participate in Na ϩ reabsorption [3] . However, in the inner segment of inner medullary collecting duct (IMCD3#) cells of the kidney, NHE2 is present in the basolateral membrane, where it is believed to participate in intracellular pH and cell volume regulation [4] . There is evidence that in the epididy- mis, which epitomizes the gut and the kidney tubule in electrolyte and water transport, Na ϩ /H ϩ exchangers are involved in the reabsorption of sodium [5] , secretion of hydrogen [6] and HCO 3 Ϫ ions [7] , and regulation of intracellular pH [8] . In this study we used immunohistochemical method to detect the apical versus basolateral membrane distribution of two of the isoforms, NHE1 and NHE2, in the intact rat epididymis.
MATERIALS AND METHODS
Antibody Production
Both polyclonal NHE1 and NHE2 antibodies were raised in rabbits. NHE1 antibody was raised against a purified fusion protein of maltose-binding protein and the putative cytoplasmic C-terminus of human NHE1 (amino acids 503-815), whereas NHE2 antibody was raised against a purified fusion protein of glutathione-S-transferase and the last 87 amino acids (amino acids 723-809) of rabbit NHE2 as previously described [1, 9] . It has been shown that NHE2 antibody does not cross-react with NHE1 or NHE3 [9] . Also, NHE1 antibody did not cross-react with NHE2 or NHE3. NHE1 labeled the basolateral surface but not the apical surface where NHE2 and NHE3 reside.
Immunohistochemistry
The animals used in this study were adult Sprague-Dawley (Harlan Industries, Indianapolis, IN) rats weighing between 350 and 400 g. They were killed by asphyxiation by CO 2 . The epididymides (n ϭ 6; 3 for NHE1 and 3 for NHE2) were carefully dissected and snap frozen with isopentane in liquid nitrogen. The weight of each epididymis was about 350 mg. Frozen sections of 8 m and paraffin sections of 3 m were prepared from these specimens.
Cryostat sections were air dried and fixed with acetone at Ϫ20ЊC for 10 min. They were then rinsed twice with pure water obtained from the NANOpure Bioresearch Deionization System (Barnstead/Thermolyne, Dubuque, IA) and incubated in methanol containing 3% H 2 O 2 for 15 min, after which time they were rinsed again with pure water and PBS. Sections were incubated in normal blocking serum (Vectastain Elite ABC kit, Vector PK-6101; Vector Labs., Burlingame, CA) and then with NHE1 or NHE2 antibodies, diluted 1:100 with diluting buffer (PBS with 0.01% Triton X-100, 0.01% Tween 20, and 0.1% BSA) at 37ЊC for 1 h. Sections were washed with PBS and incubated with biotinylated secondary antibody (ABC kit) for 30 min, washed with PBS, incubated with Vectastain Elite ABC reagent (ABC kit) for 30 min, and finally washed with PBS again. Visualization was achieved by immersing sections in a peroxidase substrate solution (Vector VIP substrate kit) until desired stain intensity developed. Slides were rinsed with pure water for 5 min, counterstained with Lillie-Mayer's hematoxylin (Merck, Darmstadt, Germany), dehydrated, and mounted for observation. Negative controls were obtained by omission of primary antibodies.
Paraffin sections of Bouin's-fixed epididymides were dewaxed and hydrated. Antigen was retrieved by treatment in 0.01 M citrate buffer for 5 min in a microwave oven. The endogenous peroxidase was blocked by 3% H 2 O 2 in methanol. Immunostaining proceeded as for the cryostat sections.
RESULTS
Immunoreactive NHE1 (irNHE1) was detected on the basolateral surface of the pseudostratified epithelial cells of the rat epididymis. Staining for NHE1 was observed from the initial segment to the tail of the epididymis. The initial segment and the caput regions were lightly stained (Fig. 1,  a and b) . In the corpus region, irNHE1 started to show a more prominent appearance (Fig. 1c) that extended to the cauda and the vas deferens. In the cauda epididymidis and the vas deferens, irNHE1 was clearly seen to be localized on the basal side (Fig. 1, d and e) of the epithelial cells. No irNHE1 was seen on the apical surface. This pattern of immunoreactivity was observed in all the epididymides used.
NHE2 immunoreactivity (irNHE2) was also detected in the epididymis (Fig. 2, b-d) . However, the regional distribution, as well as the cellular localization, was different from that of irNHE1. The initial segment of the epididymis was consistently negatively stained (Fig. 2a) . Immunoreactive NHE2 was localized in the caput, corpus, and cauda epididymidis (Fig. 2, b-d) . In contrast to irNHE1, irNHE2 was notably present on the apical (luminal) surface of the principal cells. As shown in Figure 2 , b and d, the apical surfaces of the principal cells were highly stained with NHE2 antibody, while those of the clear cells and basal cells were not stained at all. The apical surface of the rat vas deferens exhibited similar results (not shown). Negative controls are shown in Figure 3 , a and b. These are results from sections from which the NHE1 or NHE2 antibodies were omitted.
DISCUSSION
Previous work in our laboratory has shown that the epididymis reabsorbs NaCl and water under basal conditions [5] but secretes NaCl and NaHCO 3 under stimulated conditions [7, 10, 11] . Reabsorption of Na ϩ is linked to secretion of hydrogen ions [6] and is inhibited by the apical addition of the diuretic drug, amiloride [5, 12] . It was from these studies that an apical Na ϩ /H ϩ exchanger was implicated. Since NHE2 can be expressed in either the apical or the basolateral membranes of epithelial cells (see Introduction), we determined whether, in the epididymis, NHE2 is localized in the apical membrane where it could participate in Na ϩ reabsorption (as in the intestine) or in the basolateral membrane where it could regulate intracellular pH and cell volume (as in renal IMCD3 cells).
The detection of irNHE2 protein on the apical surface of the epididymal epithelium may suggest that this isoform is the likely candidate for Na ϩ and water reabsorption (Fig.  2) . NHE2 is known to be amiloride sensitive [13, 14] , as is Na ϩ reabsorption in the rat epididymis [5, 12, 15] . There is evidence also that in the intact rat epididymis, the luminal fluid becomes more acidic as it flows from the caput to the cauda epididymidis [16] . Luminal acidification may involve an apical NHE, as the process depends on the presence of intraluminal sodium and is amiloride sensitive [6] . These pieces of evidence, albeit circumstantial, lend support to the contention that NHE2 isoform is responsible for Na ϩ and fluid reabsorption and hydrogen ion secretion by the epididymal epithelium. However, it is not known why irNHE2 is not detected in the initial segment, which also reabsorbs fluid [17] . One possible explanation is that the initial segment may express NHE3, which is the main renal isoform of the Na ϩ /H ϩ exchanger. Further study involving the anti-NHE3 antibody is needed to substantiate this point.
In contrast to irNHE2, irNHE1 was concentrated in the basal side of the epithelium (Fig. 1) . This finding is there- fore in line with previous reports that NHE1 is distributed in the basolateral membranes of many mammalian epithelial cells [18] [19] [20] . Short-circuit current measurement in cultured rat epididymal epithelia has shown that the cells secrete HCO 3 Ϫ electrogenically when stimulated by cAMPelevating agents, forskolin, or cAMP [7, 21] . According to the secretion model, carbonic anhydrase in the cells catalyses the hydration of CO 2 to carbonic acid, which is dissociated into H ϩ and HCO 3 Ϫ . H ϩ is exported out of the cell across the basolateral membrane via a Na ϩ /H ϩ exchanger, while HCO 3 Ϫ is secreted into the lumen through an apical cystic fibrosis transmembrane conductance regulator [22] . Secretion of HCO 3 Ϫ is blocked by basolateral addition of amiloride [7] , which also inhibits the cloned NHE1 stably expressed in PS120 cells [13] . Basolateral NHE1 activity has been shown to be stimulated by protein kinase C [14] , which also stimulates HCO 3 Ϫ secretion in epididymal epithelia [7] . It is plausible that the NHE1-immunoreactive protein detected in the basolateral membrane of the cells is the Na ϩ /H ϩ exchanger responsible for HCO 3 Ϫ secretion. The present study therefore correlated the cellular distribution of irNHE1 and irNHE2 with previous functional studies performed in the same laboratory and provided evidence that in the epididymis, an apical NHE2 may be involved in NaCl reabsorption whereas a basolateral NHE1 may be involved in HCO 3 Ϫ secretion.
